Intracellular degradation of genes, most notably within the endo-lysosomal compartment is considered a significant barrier to (non-viral) gene delivery in vivo. Previous reports based on in vitro studies claim that carriers possessing a mixture of 1º, 2º & 3º amines are able to buffer the acidic environment within the endosome, allowing for timely release of their contents, leading to higher transfection rates. In this report, we adopt an atomistic molecular dynamics (MD) simulation approach, comparing the complexation of 21-bp siRNA with lowgeneration polyamidoamine (PAMAM) dendrimers (G0 and G1) at both neutral and acidic pHs, the latter of which mimics the degradative environment within maturing 'lateendosomes'. Our simulations reveal that the time taken for the dendrimer-gene complex (dendriplex) to reach equilibrium is appreciably longer at low pH and this is accompanied by more compact packaging of the dendriplex, as compared to simulations performed at neutral pH. We also note higher calculated binding free energies of the dendriplex at low pH, indicating a higher dendrimer-gene affinity in comparison with neutral pH. These novel simulations provide a more detailed understanding of low molecular-weight polymer-siRNA behaviour, mimicking the endosomal environment and provide input of direct relevance to the "proton sponge theory", thereby advancing the rational design of non-viral gene delivery systems.
Introduction
The challenge of engineering into the design of vectors functionalities that facilitate the rapid escape of genes from endo-lysosomal degradation remains a major challenge in non-viral based gene delivery. [1] [2] [3] After cellular internalization of vector-gene complexes, they are captured into endosomal vesicles. Once inside the pH of the compartment rapidly decreases until a pH ~ 4 is reached, this then triggers fusion of the now "late-endosome" with lysosomes and the release a barrage of degradative enzymes. The process outlined above describes just one of the many inherent mechanisms present and necessary to protect cells invaded by potentially harmful (foreign) matter. One avenue to overcoming this barrier was first proposed by Behr J. P. in 1997 and has become widely accepted as the "proton sponge theory". 4 The theory proposes that cationic carriers possessing internal 2º & 3º amines can counteract endosome acidification (via H + influx) as they buffer/capture H + ions to just below physiological pH, this delays lysosomal fusion to the endosome -an event that would ordinarily lead to degradation of the gene. This delay enables counterions (e.g. Cl -& H 2 O) to flood the endosomes, restoring the electronic balance, however vesicular-swelling results in their rupture and emptying of the contents, along with the vector-gene complexes, into the cytoplasm. 5 Another plausible explanation is that the gyration radius of a charged dendrimer increases with decreasing pH, as it gradually adopts an extended conformation, and this phenomenon may also contribute to timely endosomal rupture. 6 Recent simulation studies also confirm higher hydration radii of dendrimers in low pH versus neutral pH. 6, 7 And alternative in-silico model predicted that only a limited proportion of free versus cargo-bound polymer in the vesicles could impart endosomal membrane rupture upon decreasing pH 8 .
This highlights that there are a multitude of factors at play here, and that detailed studies are necessary to further decipher the mechanism of polymer-induced endosomal rupture. 9 The most common carriers known to overcome endosomal degradation include PAMAM dendrimer 10, 11 , poly(L-histidine) [12] [13] [14] [15] [16] , polyethylenimine (PEI) [17] [18] [19] 23 The results indicated that PAMAM-DNA complexes at low pH are more loosely bound than those at neutral pH value. There are also considerable reported differences in the size and stability of complexes formed from double-strand versus single-strand genes, with the latter showing greater stability and smaller particle size under physiological (salt) conditions. 24 Studies using a simple mathematical model of the proton sponge effect (based on the Poisson-Boltzmann approach) prove the feasibility of the "proton sponge theory". 8 The findings also suggest that a correlation exists between the amount of carrier and nucleic acid in any complex and that this in turn plays a role in the ability to induce membrane rupture upon decreasing pH, as is observed in the late-endosome.
In this study, we explore the complexation between a 21 base-pair duplex small interfering RNA (siRNA) and low-generation PAMAM dendrimers (G0 and G1 as shown in Figure S-1 Supporting Information) via atomistic MD simulations at two pHs mimicking the environments of early (pH 7.0) and late (pH 5.0) endosomes. The significant toxicity imparted by higher-generation dendrimers (G4-G8) is widely accepted. 25 We therefore chose to simulate negligibly toxic, low-generation dendrimers, given their improved biocompatibility. 25 We go on to assess how both siRNA and carrier behave in these respective environments, which they are purported to be exposed to while in the endosome.
Binding free energies of their complexation are estimated by the MM-PBSA method [26] [27] [28] [29] [30] [31] in AMBER9 [32] [33] [34] and are discussed in relation to structure and dynamical properties of the siRNA and their polycationic carriers.
Simulation Details

Molecular dynamics (MD) simulations
The sequence of the 21 base pair siRNA is taken from the earlier study by Putral et al 35 and is as follows:
The MD simulations utilize the AMBER9 software package [32] [33] [34] with the all-atom ff99 force field for RNA 36 and the general AMBER force field (gaff) for all polymers 37 . Duplex RNA was generated by the Nucleic Acid Builder (NAB) (http://casegroup.rutgers.edu/). All polymers were built by Material Studio 4.3 (http://accelrys.com/products/ materials-studio/).
At neutral pH (pH ~ 7), all the primary amines (4 for G0 and 8 for G1), while at low pH (pH ~ 5) all the primary and tertiary amines (6 for G0 and 14 for G1) are protonated. Using the LEAP module in AMBER 9, the polymer was positioned in the major groove or minor groove of RNA. The electrostatic interactions were calculated with the particle mesh Ewald method [38] [39] [40] [41] [42] [43] and the cutoff was 10 Å. Using the LEAP module in AMBER 9, the complex structure was immersed in a truncated octahedral water box with a solvation shell of 10 Å thickness using TIP3P model for water 44 . In addition, some water molecules were replaced by Na + counter-ions to neutralize the negative charge on the phosphate backbone of the RNA structure. This procedure resulted in solvated water structures containing approximately 30 000 atoms which included the 1335 RNA atoms and either 26 or 34 counter-ions (Na + ), with the remainder being water molecules. The composition of these systems is shown in Table 1 .
The minimization procedure for solvated complex consisted of two steps. In the first stage, the complex was kept fixed and positions of the water and ions were minimized. The solvated structures were then subjected to 1000 steps of steepest descent minimization followed by 1000 steps of conjugate gradient minimization. 45, 46 During this minimization process the complex was kept fixed in its starting conformation using harmonic constraints with a force constant of 500 kcal/mol/Å 2 . In the second stage, the entire system was minimized by 2000 steps of steepest descent minimization followed by 8000 steps of conjugate gradient minimization without the restraints.
The minimized structure was then subjected to 20 ps of MD, using a 2 fs time step for integration. During the MD simulation the system was gradually heated from 0 to 300 K using 10 kcal/mol/Å 2 weak positional restraints on the complex. The SHAKE algorithm was used in which all bonds involving hydrogen are constrained. 47 After the system was heated at constant volume with weak restraints on the complex, MD was performed for 20 ns with a time step of 2 fs under constant pressure/constant temperature (NPT ensemble) at 300 K with an average pressure of 1 atm without positional restraints. The random number seed of every restart was changed. 48 Isotropic position scaling 49 was used to maintain the pressure and a relaxation time of 2 ps was employed. SHAKE was used to constrain bonds involving hydrogen and the temperature was kept at 300 K with Langevin dynamics 50 using a collision frequency of 1.0 ps -1 .
MM-PBSA Free Energy Calculations
The binding free energy for each complex was calculated using the MM-PBSA method in AMBER 9. [26] [27] [28] [29] [30] [31] In this method the average interaction energies of the receptor and the ligand were calculated using an ensemble of snapshot structures taken from the MD trajectory of the system. The binding free energy in solution (∆G bind ) was computed from the solvation free energies for the receptor, the ligand and the complex [∆G water (receptor), ∆G water (ligand) and ∆G water (complex)]:
The free energies for each species (the receptor, the ligand and the complex), ∆G water , were calculated using the following equations:
where E MM is the absolute molecular mechanical energy; G solvation is the solvation free energy;
G PB is the electrostatic solvation free energy; G nonpolar is the nonpolar solvation free energy;
E electrostatic and E vdW are the electrostatic and Van der Waals interaction energy, respectively; the internal energy E internal is determined by E bond , E angle and E torsion , which represent the strain energy in bonds, angles and torsion angles; T is the temperature and S is the entropy.
The entropy contributions were determined by the NMODE program within AMBER, but in practice these values are ignored because different polymer to the same nucleic acid shows similar entropy for a comparison of states and their calculations need quite costly computing abilities. E MM from each snapshot was calculated using the ANAL program of AMBER with all pair-wise interactions included using a dielectric constant (ε) of 1. E internal always amounts to zero in the single trajectory approach. The solvation free energy (G solvation ) was estimated by two different approaches: the Poisson-Boltzmann finite-difference equation (FDPB) [51] [52] [53] and the generalized Born approach (GB) [54] [55] [56] [57] [58] [59] .
We used ε = 1 for the solute and ε = 80 for the solvent in the electrostatic solvation free energy (∆G PB ) calculations. A solvent probe radius of 1.4 Å was used for the molecular surface. 60 Atomic charges of the Cornell et al. force field were used for calculating the total electrostatic energies 61 . An 80% boxfill cubic lattice and a grid resolution of 0.5 Å/grid point were used in the PB calculations. The nonpolar contribution to the solvation free energy was determined with solvent-accessible-surface-area (SASA) terms with molsurf program.
62, 63
The molsurf program was used to calculate the nonpolar solvation free energy (G nonpolar ) as follows:
where SURFTEN is 0.0072 kcal / Å and SURFOFF is 0 kcal/mol. 
Results and Discussions
Structural aspects of the complex
Snapshots at 4 ns intervals from the 20 ns MD simulations are shown for the 14 + dendrimer at low pH in Figures 1 and 2 , compared to Figure 3 , where the same dendrimer has only its head-group amines protonated (8 + dendrimer) at neutral pH. Figure 1 is derived from a simulation in which the 14 + dendrimer was initially positioned near the major groove at the middle of the strand, while Figure 2 relates to a simulation where the dendrimer was positioned near the minor groove at the middle of the strand. From these figures it is apparent that 14 + dendrimer interacts more compactly with siRNA than 8 + dendrimer on both major and minor grooves. Furthermore, from the snapshots of Figure 2 , we can see that there are strong duplex-RNA deforming characteristics in the presence of polymer, with the polymer also making contact with the terminal phosphate groups of the RNA. However, one may observe that the cationic charge density of even our 8 + polymer is not strong enough to enable the RNA molecule to fully wrap itself around the polymer. Our results differ from a previous 20 ns simulation study claiming loose high-generation PAMAM dendrimer-DNA association at low pH. 23 Here, the authors claim that the high generation of the dendrimer with more surface and internal charged basic (nitrogen) moieties attracts counterions e.g. Cl -ions towards the surface and interior of these positively charged dendrimers, which in turn neutralizes the net cationic charge density, thereby decreasing DNA-dendrimer binding affinity. 23 Moreover, it is very likely that differences in gene-architecture and length play a role in this disparity, between their single (38-bp) and our double strand (21-bp) gene simulations. However, even after taking this difference on board, another probable reason may be the inadequate sampling time and that big system was trapped at the local minima because a complex system needs more time to reach the equilibrium than a simple system, as we discuss later. Analogous results for the PAMAM G0 6 + dendrimer are shown in Figure S -2 (see Supporting Information). The 6 + dendrimers all bind on the major groove of the siRNA, even when initially placed on the minor groove side of the nucleic acid, which is in accordance with our previous simulation data. 64 However, we observed that the system takes longer to reach equilibrium than the 4 + dendrimers because 6 + dendrimers need to overcome higher local energy barriers to reach the lowest energy minima (data not shown).
Dynamics of the complex formation
The root-mean-squared deviation (RMSD) plots for the polymer-RNA complexes are shown in Figure (Supporting Information). These observations further confirm that complex systems such as presently studied need more time to reach equilibrium than a simple system. In light of this, the previously reported simulations e.g. PAMAM G4 126 + dendrimer / 37 base DNA spanning 20 ns simulation time may well fall short of the time necessary for such a complex system to reach equilibrium. 23, 65 In agreement with the snapshots in Figure 1 and 2, as demonstrated in In Figure 6 , the time dependence of the number of contacts between RNA and polymer is shown for the two simulations represented in Figures 1 and 2 . It is apparent that in the later stage of the simulations, the contact number for the trajectory with the minor groove starting position is greater than that for the major groove starting position, which is consistent with the clearly observable bending of RNA around the polymer as shown in Fig.s 1, 2 and 5. Moreover, in the late stages of the simulation, shown more clearly in Figure 7 (b), the number of water molecules within 3 Å of the dendrimer for the trajectory with the minor groove starting position is less than for the major groove starting position, confirming that more solvent molecules are squeezed out upon the bending of RNA around the dendrimer discussed above.
Binding free energies
We have estimated binding free energies for the range of carrier systems investigated using the methods summarized in Section 2 and the results are presented in Table 2 . As electrostatic interaction is the major driving force in the overall complexation process, the binding energy for polyamine-based vectors at low pH should be higher than that at neutral pH. It is apparent from Table 2 that this is indeed the case with binding free energies for all simulated systems at low pH being higher than those calculated at neutral pH, e.g. 209.71
kcal/mol for 14 + dendrimer-RNA complex initially adjacent to the major groove in comparison with 138.30 kcal/mol for 8+dendrimer-RNA complex adjacent to the major groove. The snapshots of Figure 1 and 2 also indirectly allude to this since complexes at low pH appear more compact than those observed at pH 7. Histidine-based polymers also show similar results to that of PAMAM dendrimers (data not shown). This suggests that polymergene complexes at low pH in the maturing late-endosome are more compact than in the general (cytosolic) cell environment at pH 7.
Conclusions
The present simulations provide us a detailed molecular level understanding of both structural and dynamical aspects of siRNA-low generation PAMAM dendrimer complexation within different pH environments of early and late-endosomes as proposed by the "proton sponge theory". The complexes at low pH are more compact than those at neutral pH. The calculations of the binding free energy indicate that electrostatic attraction is the primary contributor to this interaction and that these energies are higher at low pH compared to at neutral pH. Hence, with detailed molecular modeling we are for the first time unraveling how low molecular-weight dendrimer-siRNA complexes behave in the low-pH environment of the late-endosome. However, further studies are indeed necessary extend our understanding of the multi-faceted role endosomal-pH has to play in assisting the delivery of therapeutic cargo using generic polymeric gene vectors. Tables   Table 1 Simulations cell compositions and atom numbers for the systems of cationic polymers-siRNA complexation Table 2 Binding free energies for polymer-RNA complex in the minor or major groove using the MM-PBSA method Note:
Figures
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1. The major (or minor) groove refers to the starting structure of the complex, not the final structure.
2. Average over 200 snapshots from the last 2 ns trajectory; standard error of the mean in parentheses. 
